Abstract Forest management in Mexico is immersed in diverse and complex ecological, socio-cultural, political, economic, and technological contexts. These contexts have led to the use of the forests for many purposes under diverse administration and management schemes. These schemes continue to evolve, both in the forest areas and in universities and forest research institutions throughout the country. Timber management has been part of this evolution and has given rise to several forest management approaches. Most of these approaches are adaptations of methods developed in other parts of the world for very different ecological, socio-cultural, and economic contexts. The majority of the timber management methods are based on sustainability principles and incorporate classical yield regulation and forest management concepts. However, the application of these methods in the complex and rapidly changing contexts in which the Mexican forests and forestry sector are immersed has resulted in unexpected and fortuitous results. There is a need for a new significant evolution of the forest and timber management methods in the country. New approaches must include greater emphasis on communitybased forestry, consideration of markets for forest products and services, as well as the overall increase of resilience, learning capacity, and adaptation while reducing hazards, risks, and vulnerability of the forests and the communities that depend on them. These characteristics will allow better adaptation to the rapid changes, complexities, and ambiguities of the global environment and the Mexican ecological, social, political, and economic conditions.
Introduction
The forests in Mexico cover roughly a third of the national territory (65 million hectares). Temperate forests cover 51 % of this area, and the remaining 49 % is covered by tropical forests [1] . The geographical location of the country at the confluence of the neartic and neotropical biogeographic zones, its long north-south shape and its complicated topography create a large diversity of climates and microenvironmental conditions that give rise to highly diverse forest ecosystems and site conditions [2] .
This ecological diversity is found in locations with very diverse population densities and socio-cultural and economic conditions [2] . Most of the forests in the central and southern part of the country are fragmented and under high land-use pressures from high population densities within the forests, as well as from urban, agricultural, and livestock activities at their edges. In contrast, the forests in the mountain ranges of the north-west cover extensive areas and have lower population densities [3, 4••, 5] .
The forest areas in Mexico have well-defined property rights and many people live within or at the edge of the forests and depend on them to make a living. Roughly 7-12 % of the forest lands in the country are owned by the state in the form of national forests and forest reserves, while private owners hold a little more than 30 % (usually in the best site conditions). The remaining 61 % are owned by communities in the form of collective land ownerships such as BEjidos^or indigenous land holdings known as BComunidades^ [6] [7] [8] .
The diversity in the ecological, socio-cultural, and economic contexts in which the forest areas are immersed has given rise to different strategies and methods for the management of the forest resources in Mexico. The traditional forest management objective of timber production is not common in many forest areas. Often, forest owners have no timber production objective at all, and objectives such as conservation, harvesting of nontimber products, protection of religious and ceremonial sites, and provision of forest services (e.g., water production, recreation, carbon sequestration) have a higher priority [4••, 6] .
Even, when timber production is declared as the main management objective, it is usually accompanied by ancillary objectives to produce diverse nontimber products and services. Socio-economic conditions over the forest areas are varied and rapidly changing in space and time. Policies, laws, regulations, and administration arrangements for the management of the forests change frequently and are rather varied across the country. There are multiple deforestation and degradation pressures emerging from populations living below the poverty level that need to satisfy basic necessities. In this context, traditional timber management principles such as regulation of harvest flows, sustained yield, and long-term timber productivity do not apply and have been modified in Mexican forest management methods to accommodate these realities. These management methods have appeared in response to and coevolve with these forests and forestry sector conditions.
The review presented here discusses forest management approaches and methods used in Mexico during different time periods. It concentrates on timber management methods, but includes a brief overview of forest management approaches with other set of objectives. We highlight the diversity of timber management approaches that have appeared over time in response to changes in the contexts of the forests and forestry sector. These methods have evolved in response to changes in needs, management paradigms, and availability of information and analytical tools. We argue that the dominant timber management methods being used today in Mexico are unfit to address the current realities of the forests and forestry sector in the country. We conclude that there is an urgent need to develop timber management approaches that are better capable to deal with the uncertainty, complexity, ambiguity, and rapid change of the global environment and the national and local contexts of the forests in Mexico.
Brief Overview of Nontimber Forest Management in Mexico
The management objectives for the 65 million hectares of forests in the country are numerous and diverse. Currently, about 6.2 million hectares of temperate and tropical forests are under active management for timber production [9] . However, the forest ownerships that contain these commercial timberlands total close to 15 million hectares because these ownerships on average set between 60 and 65 % of their forest holdings as forest reserves. In these areas, conservation, nontimber products, and the provision of ecosystem services are emphasized allowing only low level of activities such as cattle ranching and tourism. This section briefly describes the management of forests for the purpose of conservation and the production of nontimber goods and services.
Management for Conservation Purposes
Little more than 8 % of the national forest cover is under Bformal^protection in the form of natural protected areas with very low timber management activities and with high emphasis on nontimber products and the provision of forest services. The first national park was created at the end of the nineteenth century [10] . During the 1930s, the area of the national parks increased to reach almost one million hectares [11] . Since the beginning of the 1980s, Mexico started an intense process of creating forest reserves that incorporate both private and communal properties. It is estimated that little more than 72 % of these forest reserves in the country have been established in private properties (individually or socially owned) [12] .
At the beginning of this century, all the wildlands set aside for conservation purposes as biosphere reserve, protection areas of flora and fauna, national park, protection areas of natural resources, sanctuary, or monument, were incorporated into the National System of Natural Protected Areas (SINANP) [12] . The SINANP includes terrestrial and marine ecosystems with a total extension of nearly 25.4 million hectares; it only includes 5.7 million hectares of temperate and tropical forests [13] .
The areas in the SINANP were established for a variety of reasons such as for their scenic or recreational value. Before the 1990s, their creation was often unrelated to the protection of biodiversity. Hence, their management, even though is related to conservation, does not follow the international standards established for protected areas, which include the definition of a core area for strict conservation that is surrounded by a buffer area where some production activities are allowed depending on the biophysical characteristics of the area. Nevertheless, more than 80 % of the SINANP reserves are classified as multiple-use reserves, which allow a wide variety of uses and activities within their borders [12] . Each reserve is required to have a management program that specifies proper uses and conservation activities for the subunits that compose the reserve [14] . However, by 2013, only 44 % of the reserves in the SINANP had a management plan approved [11] .
Management for Important Flora and Fauna
The Units for the Conservation, Management and Sustainable Use of Wildlife (UMA) are composed of wildlands dedicated to the conservation and management of specific flora and fauna species [15] . They are classified as extensive (management of wild populations and habitats) or intensive (management in zoos, botanical gardens, and other small areas) [15] . These units are contained within private or communal land properties and are registered with state or federal environmental authorities to operate in accordance to an approved management plan to harvest individuals of one or more species for which there is a continuous monitoring of habitat and population size. This management model creates economic incentives for biodiversity conservation by allowing landowners and managers to directly benefit from the exploitation of wildlife or flora (e.g., through hunting, harvest, or tourism activities). The basic requirement to register an UMA is to develop a management plan. Such a plan must guarantee the conservation of the ecosystems (especially specific habitats) and viability and survivorship of the wildlife populations within the property, particularly those that are actively harvested [11] .
The UMA mechanism has become popular and very successful in the temperate and dry areas of northern Mexico, but it has shown some drawbacks in the tropical southern region of the country [16, 17] . The problems are related to the ecological and population characteristics of the wildlife in the tropics, the high rate of consumption of wildlife by local forest inhabitants, and the high poverty rates in this region [18] . So far, the system of UMAs has 12,524 units registered covering an area close to 38.2 million hectares. The UMAs located in forest wildlands cover 15 to 18 million hectares [11] .
Management for Nontimber Forest Products and Services
There are extensive areas of forests dedicated to the production of nontimber goods and services. Most of the tropical forests (wet and dry) and very diverse temperate forests have extractive activities of edible (e.g., mushrooms), medicinal, and industrial products (e.g., resin). They also support diverse levels of tourism, cattle ranching, and agro-forestry systems.
The harvesting activities are regulated and they are legally allowed after a management plan that ensures that the sustainability of the resource exploited is approved by the state or federal environmental authorities. However, these authorities do not have the resources to closely monitor and supervise the compliance with the management plans. To date, the harvesting approaches used appear to be sustainable for most of the products despite the deficient supervision; however, some degradation of forest conditions has been reported [19] . Some of the reasons for this degradation are related to bad commercialization channels, the seasonality of most of the extractive activities, and the low harvest rates that are the result of extractive activities being carried out mostly by elder people, women, or children [20, 21] .
Cattle ranching inside dry and wet tropical forests, oak forests, and mixed pine-oak forests has been widely practiced in the country since colonial times [22] . Sustainable use of the grasslands' carrying capacity is achieved by constant rotations and management of herds; however, soil compaction is a common problem, as well as frequent wildfires resulting from the ranchers' practice of using fire to induce re-budding of grasses [23] .
The increasing importance of the role of forests in climate change mitigation has brought new players, considerations, and conservation alternatives into forest management approaches. These alternatives are increasingly becoming attractive for forests with low productivity or high biodiversity where Reduction of Emissions from Deforestation and Degradation (REDD+) incentives or carbon sequestration markets might yield higher profits than timber extraction. Also, these alternatives are attractive in areas that traditionally have produced timber, but at high production and administration costs as is commonly the case in communally owned forests.
Tourism and recreation in wildlands are activities that are gaining importance and popularity in the country, particularly in areas close to large coastal resorts. In these areas, forest management not only aims to conserve special and interesting habitats but also to protect the tourist areas from threats such as hurricanes, fires, and other environmental hazards as it is the case in the Yucatan peninsula [23] .
Management for Timber Production
This section presents an overview of the emergence, evolution, and characteristics of the most commonly applied timber management methods in the country. First, a brief historical context is provided to support later discussions and to help understand the conditions that led to the appearance of each timber management approach.
Timber Management in Temperate Forests
Timber extraction during colonial times (1521-1820) was usually done without planning or application of any sustainability criteria, and logging was concentrated around centers of high timber demand such as mines and cities [24] . Harvests targeted the most valuable species along easily accessible forest tracks. Despite this chaotic logging practice, concern for the protection of the forests was expressed in the main colonial times legislation the BLaws for the Indias^ [25] .
The main railroad linking Mexico City with the US border was completed in 1885. It marked the beginning of an increasing demand for more forest products either for operating the railroad system (e.g., sleepers, poles) or to satisfy the demand for other timber products and housing [26] . Forest extraction was conducted by individuals or corporations that were given exclusive concessions of large forest areas along the railroad tracks (or basins of rivers) using clear cuttings; large quantities of timber were wasted because the product finishing was carried out by hand, and small logs were not fully utilized [27] . Many of these harvests produced single-species even-aged forests in some regions of the northern part of the country. Starting in the 1970s, these forests served as test ground for the first applications of even-aged timber management methods in Mexico.
The liquidation of surplus forest resources in some regions of the central and western part of the country characterized the Mexican forestry sector during the first decades of the twentieth century. The public outcry around cases of forest destruction forced authorities to enact the first national forest law in 1926. This law regulated forestry activities on private lands, required plans for harvesting activities, and banned clear cuttings [28] . Most of the forest areas in that period were covered by virgin forests with no infrastructure of any kind (e.g., roads). Hence, there was no previous experience regarding the ecology, logistics of timber procurement, operation costs, and market prices of forest products [27] .
Forestry schools in Mexico, as in many countries in the early twentieth century, taught French and German forestry approaches based on the concepts of forest regulation leading to normally stocked forests and aiming to achieve maximum sustained yields [29] . These principles were used to set timber harvest rates under different models trying to ensure some sort of long-term harvest sustainability. However, Mexican foresters soon realized that the forests and socio-economic context for their management were very different from those in Europe, and hence, the strict application of European methods did not completely ensure sustainability or the proper management of the forests [30] . This observation and the social pressure against clear cuttings led to the use of selective cuts as the main silvicultural and harvest treatment regardless of the timber harvest model used. The underlying silvicultural principle was to keep a continuous upper canopy composed of the healthier trees with the best chance to keep growing high value timber products. The selection of trees marked for extraction aimed to come up with a uniform harvest intensity; however, securing the upper residual canopy was a more important goal [31] . Most forests during this period had not received any previous intervention. Hence, the first interventions were improvement cuts to remove old, over mature, or defective trees. Although these harvests were partial selective cuts, they were of sufficient intensity as to change the forest stand structures and ecological conditions to a more dynamic, productive, and healthy condition [32] .
These first interventions also liquidated considerable part of the forest standing inventory value converting it to cash to finance badly needed forest infrastructure (e.g., roads), as well as protection and restoration activities (e.g., wildfire suppression). In many areas, forest owners and concessioners seeking to maximize their profits often targeted the largest and best formed trees in the forest to fulfill their allowed harvest volumes. This led to the creation of young forest stands with poor stocking and heterogeneous age structures in which subsequent harvests yielded similar volumes, but considerably less revenues due to the poor quality and size of the timber products extracted [32, 33] . Against this backdrop, the following Mexican forest management methods emerged.
Mexican Method of Forest Regulation (MMFR)
By the early 1940s, the diversity of forest management and regulation rules and principles existing in the country motivated Mexican foresters to come up with a management method that could be applied around the country to ensure forest sustainability and facilitate the monitoring of harvest activities. The MMFR (BMétodo Mexicano de Ordenación de Montes^) is an uneven-aged forest management method that prescribes harvest of selected trees within a planning horizon defined by the cutting cycle (ranging from 17 to 35 years) using forest management units of 100,000 to 200,000 ha in size [33, 34] . The MMFR became the official forest management method for temperate forests in 1944 [31, 35] .
The MMFR was developed recognizing four dominant characteristics of the forests and forestry sector in the 1940s [35, 36] : (a) the natural state and ecological diversity of the forests and the need for their regulation; (b) the lack of basic information to manage them such as accurate estimations of growth rates, reliable forest inventories, assessments of forest health conditions, and good maps and area estimates; (c) the lack of institutional and professional experience in forest management planning; and (d) the concern of Mexican society for potential deforestation derived from the application of intensive silvicultural systems like clearcut harvests. Originally, the MMFR was proposed as a temporary method until the forests attained better conditions that would allow the application of traditional area, volume, or area-volume regulation methods [35] .
The objective of the MMFR harvest scheduling process is to achieve a steady timber output flow, concentrating harvest operations in a single or few annual cutting areas. The harvest scheduling process requires the consideration of multiple alternatives in various combinations. Up to the 1980s, without the benefit of personal computers, this complex combinatorial problem was tackled through approximations made by hand. The resulting harvest schedules were sufficiently good to allow planning of several large forest units in a way that road construction and timber procurement logistics were carried out efficiently and reliably [37] . Harvest volumes were estimated under the premise that the harvest rate should not be higher than the forest growth rate. Growth rates were estimated by the core growth samples obtained in forest inventories and the simple compound interest rate formula is used to estimate timber volume growth within the cutting cycle. Nowadays, growth models and decision support systems are used for calculations and planning of forest operations in large forest tracks [37] .
The MMFR did not specify the use of any particular silvicultural system. However, the selected extraction of trees reaching a minimum diameter was the most common practice, and hence, the MMFR was associated with this form of silviculture. Originally, the MMFR was a single-objective method for timber production. By the early 1980s, several enhancements were made to incorporate the consideration of multiple uses of the forests in determining the optimal number of trees and age structure of the forests remaining after the harvests. Constraints to fulfill social and economic goals such as minimum income flow and employment were also incorporated into the method at that time [38, 39] .
Starting in the late 1970s, some evaluations of the results obtained from the application of the MMFR revealed that the method was leading to the liquidation of old growth, in some cases to the depletion of the growing stocks, and the dominance of fewer tree species [23, [40] [41] [42] . These criticisms were widely debated because the sustainability of harvest levels and forest conditions depends on the initial forest condition, the correct application of the MMFR regulation principles, and on the proper estimation of adequate harvest levels [42] . Despite the criticism, the MMFR continued to be the dominant management method in extensive forest areas in the country and it has been applied in one form or another in almost every forest track, scale, and condition in the country.
In the late 1970s, a new national forest law mandated the liquidation of the exclusive concessions of large forest areas to private or state companies and to return the control of the forests to their owners. Private and communal owners started to demand the authorization of more intensive forms of forest management. This new context required a new management approach that would incorporate more intense interventions and harvests. Hence, in the mid-1980s, the BMethod for Silvicultural Development^was created [6, 43] .
Method for Silvicultural Development (MSD)
The MSD was conceived as an even-aged forest management method. The seed-trees silvicultural system is commonly prescribed for the final harvest, with rotations between 50 to 80 years, allowing 3 to 4 intermediate thinnings distributed evenly during the rotation period. At the forest level, the MSD adopts an area-volume control to guide the harvests, with cutting priorities aimed to reduce the period for conversion to a regulated forest and to best spatially arrange the harvest areas [44] . The regulation approach ensures the sustainability of the forests as long as the method is applied correctly. However, in some regions with high population densities dominated by small to medium forest ownerships, the large openings in the forests resulting from final harvests facilitate land-use changes to agricultural uses [23] . On the contrary, good applications of the method resulted in higher timber productivity due to the faster growth rate of second-growth forests and the timber yields coming from the intermediate thinnings [45] .
The MSD has been modified to adapt it to forests with shade-tolerant species, mixed species, and uneven-aged stands. The aim of these adaptations is to apply silvicultural treatments that proceed at a constant and fast pace to replace the original forest stands with new, optimal-density, even or uneven-aged stands. Treatments usually aim to create forest stands that have the age and density composition of maximum average production (including the yield from all rotation interventions plus mortality). Thinnings are the main tool to adapt the method to uneven-aged stands, since they can be used to reshape a young forest stand getting it closer to full stocking, even spacing, and homogeneous tree sizes of all species present. When the forest species composition allows it, best species are favored through the marking rules applied in the thinnings. In uneven-aged management applications a selective cut is applied functioning as a combination of final harvest and improvement of the residual growing stock.
Other enhancements have been implemented to adapt the MSD to new sustainable forest management paradigms that require incorporation of multiple-use objectives (as mandated in the 1986 National Forest Law), definition of exclusion areas for wildlife habitat and biodiversity conservation, spatial arrangements of specific stands, and establishment of conservation corridors. Some buffer zones within national protected areas are under timber management applying the MSD method enhanced with the use of biodiversity conservation practices such as keeping snags and logs, conservation of broadleaf species, and mixing the spatial distribution of conservation and timber producing areas [46] . As it was the case with the MMFR, growth models and computational tools have been developed to analyze harvest schedules under the MSD. SICODESI [47••] was the first decision support system designed to assist managers in the estimation and analysis of harvest schedules. More sophisticated systems have been developed since SICODESI. They have among other improvements incorporated geographical analysis and harvest optimization tools [47••] .
Combined Methods (CM)
Sometimes by design and often by fortuitous change in management practices, the management plans for different forest stands within a property end up combining even and uneven aged management systems plus additional practices to better accommodate ecological conditions and optimize timber production. CM started to appear in the 1980s [33, 48] .These methods are commonly applied in small to medium size forest properties (2000 to 12,000 ha) where their use is more efficient not only for the scale factor but also because they facilitate the production of diverse products and services demanded from the forests [49] . The use of CM has also become popular in forests with low timber productivity and high biodiversity, and in ownerships where timber harvesting is a peripheral activity that complements other economic activities carried out by the forest owners.
The use of CM is characterized by three elements: (1) land uses defined by the owner clearly distinguish between production and conservation areas; (2) each stand in the forest area under timber management is assigned a silvicultural system (even-aged or uneven-aged) according to characteristics such as soil type, aspect, slope, biodiversity, forest health, and timber stock; and (3) harvest rates are estimated according to timber yields for each stand from previous cutting cycles, or through estimates from forest growth models. Forests managed under CM have no harvest flow or regulation constraints and have no ultimate desired forest condition besides keeping or increasing the forest productivity and biodiversity, or reaching a condition desired by the forest owner. In recent years, these methods have included participatory planning processes (in community forests), attempts to optimize forest harvest levels, and the conversion of stands with diverse treespecies mixes to stands composed of only one of two species [33, 47••] .
Landscape-Level Forest Management (LLFM)
In the early 2000s, LLFM was considered the best alternative for forest areas with low intensity utilization or designated as conservation areas. Forest landscape-level simulation models are used in LLFM to estimate forest change through time using spatially referenced data across a broad spatial scale (i.e., landscape scale) which is generally larger than a single forest stand. These models incorporate spatio-temporal processes such as natural disturbances (e.g., wildfires, pests, and diseases) and human interventions (e.g., harvests, thinnings, planting, fire suppression) [50] .
Starting in 2002, several forest properties (averaging 3000-5000 ha in size) with mixed pine-oak forests in the state of Jalisco in west-central Mexico changed their forest management to the LLFM method known as MAPA [51••] . Besides the emphasis on the reintroduction of natural forest disturbances, MAPA uses accelerated silvicultural regimes known as biopaths to speed up the reconstruction of the natural forest structure and variability as existed in the early twentieth century. This target date was identified as the most recent almost natural condition of the forests. This condition is characterized by overmature crowded forests with excess of oversized, decrepit, damaged, highrisk trees that have growth and reproductive limitations. The aim is to have as much of these fully functional oldgrowth stands well distributed throughout the management area and covering around 60 % of its total area. The rest of the forest should have sufficient young and mature stands to replace the oldgrowth when large catastrophes liquidate them, or when the forest is intentionally sent back to an early successional stage structure. At least 15 %, but no more than 40 %, of the area dedicated to timber production should be permanently without tree cover, in forest openings of size between 0.5 and 100 ha each. Open to wooded gradients should become interphases carefully managed to meet multiobjective purposes (biodiversity, interior tree health, low visibility into interior forest environment) [51••] .
Roads and the associated areas of influence are also managed under a specific silvicultural system to stabilize cuts and fills, and for managing sunlight penetration. Special ecological conditions (e.g., riparian areas, ridge tops) are also managed under special intensive silviculture practices with multiple objectives beyond timber production. Natural or accidental disturbance events are viewed as cost saving windfalls. Silvicultural intervention then is an undesired labor executed when random events (fire, pests, weather, or animal damage) take too much time to move current structures to the desired next condition [51••] .
Harvest schedules are estimated from a complex combinatorial problem. Tabu Search is used to approximate good solutions to the problem. The forest owner, under advice of a professional forester, selects from those solutions the plan that better meets his income expectations, risk tolerance, and strategy regarding the management of his forests. So far, new forest plans have been drafted for several forest ownerships in Jalisco, raising the total area managed by this landscape method to nearly 15,000 ha [51••] .
Management of Uneven-Aged Multi-Species Forests
Most of the temperate forests in Mexico are composed of uneven-aged multispecies stands. Current concerns for biodiversity conservation, increasing reliance on the forests, and securing their long-term productivity, join with rising demands for nontimber goods and forest services have provided incentives for research to test alternative ways of managing these complex forests. In the 1990s, some forests in northern Mexico started to be managed using the principles of balanced size distributions [52] . Under this management system, harvests are estimated for each diameter class using the difference between the ideal number of trees in a particular diameter class and the number of trees that currently exist in that class. The goal is to create an optimal residual forest growing stock and forest structure that promotes a healthy and resilient forest with adequate diversity [53] . The method has not been used extensively because of the complexity in defining the optimal residual growing stock, diameter-class distribution, and species composition, as well as the difficulty in maintaining them in the long run.
Recent research on this type of forest shows that the relationship between timber yield and forest density could be used as the main guide to manage them [54] . This relationship can be enhanced to include species diversity and site conditions to derive simple rules to guide timber harvest decisions at the stand level that guarantee maximum yields from the residual stock. Forest composition is a key in the management strategy and is monitored at the forest level [45] .
Timber Management in Tropical Forests
From the outset, it is important to note that the knowledge and tools for the management of tropical forests lag behind those available for the temperate forests. This is due to the ecological complexity and socio-cultural-economic conditions particular to this type of forest.
Since pre-Columbian times, the tropical forests in all parts of Mexico, but especially in the Yucatan peninsula have been managed through variations of the slash-and-burn system with multiple production purposes [55] . The system clears out plots from 1 to 5 ha for multicropping, shifting locations every 2 to 5 years according to a comprehensive plan that includes managing the forest regrowth successional stages according to needs and traditions [56] . The system usually incorporated landscape management units [57] , and at this level, it had rotations between 30 and 40 years for different forest successional stages [58, 59] .
Far from being an inefficient and destructive form of land management, this long-term agroforestry system produced a multitude of useful plant resources, protected and enriched the soil, provided wildlife habitat, and maintained a forest cover in original forest lands [60] [61] [62] . The increase in the population within the tropical areas, colonization by people not familiar with tropical ecosystems, and the loss of traditional knowledge and uses of biodiversity have created the inefficiencies found in this system today, as well as the loss of extensive tropical forests due to forest degradation and savannization [63, 64•] . In other regions, abandonment of agricultural lands has allowed the growth of secondary forests with biomass, productivity, physiognomy, species composition, and community dynamics that greatly differ from the original natural forests [65] .
Beginning in the sixteenth century and up to the nineteenth century dyewood (Hematoxylon campechianum) and mahogany (Swietenia spp.) were extracted by American and British loggers along the tropical coast of the Yucatan Peninsula, resulting in the depletion of dyewood and severe liquidation of mahogany [66] . During colonial times and up to the midtwentieth century, no planned management of the tropical forests was carried out [67] .
Management of Semideciduous Tropical Forests
The first modern attempt at tropical timber management in Mexico can be traced back to 1957 in the Yucatan peninsula with the establishment of the federal-government-owned company Maderas Industrializadas de Quintana Roo (MIQRO). The company was granted a concession for 25 years for the management of 550,000 ha of semideciduous tropical forests [68, 69] . The company developed a management method based on the MMFR. It consisted on harvests applying selection cuts in cycles of 25 years. Allowable annual harvest volumes were calculated for each of the eight most valuable species (e.g., mahogany Swietenia spp. and red cedar Cedrela spp.) by dividing the total volume of trees of commercial size (i.e., 60 cm or larger in diameter) by 25 (the years in the concession) [70] . Other less valuable species, almost 200 of them, were ignored and basically remained untouched during the harvesting operations. This was an extremely extensive management approach that utilized only 2 % of the standing forest biomass. In the application of the selection cuts, little effort was made to improve the composition, age structure, and density of the remaining forest; however, every harvestable tree was mapped and logging roads were built specifically to reach those trees, and hence, the impact on soil and residual trees was minimized [69] .
In the 1980s, the management of the forests under the MIQRO's concession was transferred to the forest communities that own them. The forest management method called Plan Piloto Forestal de Quintana Roo (PPF) was created as part of this transition. The PPF incorporated the management of more species, restricted the harvest levels to the estimated current growth of the individual tree species, and delimited areas to be permanently dedicated for conservation [71] . This was an important community-based land use planning exercise that raised awareness of the suitability of areas for specific uses and provided the security necessary to implement long-term forest management planning. The harvest levels determined as part of the PPF rely on estimates of growth and size distribution of the most valuable species. Hence, forest sustainability depends on the accuracy of these estimates, on the existence of demand for timber from a wide variety of species, and on high investments required to promote the regeneration of precious and semiprecious species. The PPF has been recognized as probably the largest, most important, and successful tropical forest management operation in Latin America [72, 73] . However, recent assessments characterize it as having several shortcomings such as not including forest health practices and specific guidelines for regeneration of cutting areas, forest density control, forest composition management, and forest growth management, all resulting in limited success of the method [74] . The full advantages (mainly operational) and strict application of the method can only be realized in semideciduous tropical forests that are easily accessible as is the case in the Yucatan peninsula. Unfortunately, most of the wet tropical forests in Mexico are located in areas where the terrain conditions do not allow the implementation of the necessary silvicultural practices considered within the PPF method [23] .
Management of Tropical Dry Forests (TDF)
These forests have been severely impacted by land use change since they are easier to convert to agricultural or grassland uses than wet tropical forests, and their soil fertility is higher than in regions with higher annual precipitation [75] . TDF are mainly managed for nontimber products and timber management is limited to few species with special wood characteristics (color, odor, hardness) which make them suitable for carving handcrafts, furniture, or local house building [75] . Procedures to estimate sustainable harvest levels are very basic due to the limited knowledge of the dynamics of the species within these ecosystems [76] . Forest management is carried out in small units. The goal is to maintain specific forest structures and species diversity between successive cutting cycles. Transition matrices of the number of species and tree-diameter distribution are used to determine species abundance and then estimate harvest levels [77] . Harvest rates of the most valuable species are usually estimated in terms of number of trees by diameter class in a 10-year cycle. The decision of how many trees to harvest of each species in each diameter class depends on estimates of the number of trees added to each diameter class, and the ratio between this ingrowth and the next higher diameter class. This ratio is weighted by the species abundance, and the new ratio is used to define the residual condition of the species for all diameter classes [78] .
This management method was recently improved to enhance forest sustainability, allowing temporary variation in the number of trees of particular species and considerations for predicted long-term environmental change [79] . This allows increased extraction levels during favorable periods and restricted management practices during unfavorable ones. Some studies have evaluated the sustainability of harvest levels estimated through these procedures and concluded that they maintain both, an adequate tree species diversity and tree-size distribution [78] .
One more management method for tropical dry forests is the Costa Plan (CP) method that has been in use since 1983 on the coast of Jalisco in central-western Mexico [74] . The CP replaces the usual specifications of minimum diameter, intensity of harvests, and cutting cycles by a single criterion that integrates attributes of maturity of a tree jointly with its potential timber yield and the likely effects of a tree's removal on the trees remaining in the forest. The application of this method has been successful in maintaining harvest levels of diverse species and preventing deforestation [74] .
Current Context for Timber Management
Timber management in Mexico is practiced in communal and private forest lands. Communal forests currently under active timber management work under the form of BCommunity Forest Enterprises^(CFEs) to protect, restore, harvest, log, and industrialize forest lands [80••, 81] . Nationally, the active CFEs have an average forest cover of about 100 ha, and they use only about 60 % of their forests for timber production. Nevertheless, they produce almost 85 % of the timber volume logged in the country [82] . The existing CFEs have low vertical industrial integration, and usually, they sell only standing trees or logs [80••, 82] . More than 55 % of FCEs and more than 60 % of private forest ownerships sell standing trees to logging contractors [9] .
Decision-making processes are more complicated in FCEs. Decisions such as use of resources, harvesting rules, definition of conservation criteria and areas, and logging systems to be used for extractions are prepared by a professional forestry consultant and presented to the Community's General Assembly for discussion and approval. Also, forest management objectives in a communally owned forest are broader than maximization of profits, and involve the improvement of the wellbeing of the community, creation of jobs, conservation of special places (e.g., religious or traditional sites), conservation or promotion of specific species (sometimes noncommercial ones), and the combination and promotion of different economic activities (e.g., orchards, livestock, agriculture) jointly with forestry activities [80••] . Hence, community forestry tends to have lower timber harvest levels, and the usual timber management goals such as forest regulation, achieving efficiency, maximizing profits, or even ensuring a sustained yield of timber are not as important as other community's goals. Furthermore, in many cases, timber production is seen as a cyclical temporary activity that uses some of the community's forest resources to supplement their income, or finance the development of other economic, social or cultural activities [80••, 82] .
Mexican methods for timber management were developed to manage large forest tracks during the times of large forest concessions. Today, those concessions do not exist and timber management is commonly carried out at the property level, usually in small to medium size forest ownerships (e.g., 500 to 1000 ha). In few instances, several private forest owners join to manage their forests as a single unit [51••] . In most cases, the properties comprise different land uses and their owners, particularly communal ownerships, in which there is a demand for agriculture and grassland areas. Thus, forest management is just one component of a broader use of a wooded landscape and timber production objectives must be seen as just one component within a broader process of rural development.
Today, timber management in the country faces a wide variety of instruments of public policy and incentives related to the production of timber, nontimber products, and environmental services. The emergence of carbon markets and compensations for avoided deforestation such as the REDD+ initiative have introduced new quasi-products to be considered in forest management decisions. Markets for these quasi-products are developing and they are already having some impact on timber management decisions (e.g., delaying or reducing harvest levels). Income from subsidies such as payments for environmental services, and other incentives aimed to reduce land use change and intensive timber extractions in fragile ecosystems add to the set of alternatives to be considered by the forest owners. To be able to access these incentives and emerging markets, forest and environmental authorities require forest owners to reduce harvest areas, harvest volumes, delaying harvests, or even change silvicultural systems.
The rapidly changing site conditions over small areas, and the complex composition of the forests (in age and species), combined with the need to manage the forests at the property level greatly complicate the management problem, the development of planning tools, as well as the implementation of production and operational practices at an efficient economic scale. Hence, timber production in most cases is a temporal or seasonal activity with low returns that is unable to compete with cheaper imported timber products [7, 23, 81] . This lack of competitiveness has led to the shrinking of the market for Mexican timber products in the last 15 years [9, 83] . The end result has been a reduction in the number of lumber mills, low investments in logging technology, and few incentives to invest in low-impact harvest methods. Currently, the only competitive timber products are rare high-grade logs or sawnwood or logs of precious species [84] .
In the socio-cultural dimension, the inhabitants of the forest areas are for the most part poor. More than 50 % of them live in extreme poverty with challenging health, education, and accessibility conditions. People in forest communities for the most part do not have a tradition of making a living from cultivating and investing in their forests [7, 82, 85] . Obtaining a harvest permit is not an easy task. There are many transaction costs as well as a large volume of associated paper work and complicated bureaucratic processes that have resulted in forestry activities that do not always fully comply with laws and regulations [86] . In addition, recurrent patronizing and unsuccessful government projects to develop forest activities and industries, combined with a complicated legislation for the use of the forest resources, have created a skeptical population unwilling to easily trust new initiatives or technologies [87, 88] .
Suggested Components of a Sustainable Timber Management Approach for Mexico
Most of the dominant timber management methods applied in Mexico today are rough transplants of concepts, ultimate goals, principles, and methods used in other parts of the world that have little or no resemblance to the ecological, socio-cultural, economic, legislative, and institutional contexts of the forests and forestry sector in Mexico. Even though they have been adapted and enhanced through time, these methods have not yet been properly modified to address the current realities of the forests and forestry sector in country. Also, they assume long-term stable ecological, economic, socio-cultural, and legislative conditions that do not exist. There is an urgent need to develop timber management principles and methods based on adaptive and risk management approaches that are flexible and better suited to address the existing risks, uncertainties, complexity, ambiguity, and dynamic change that characterize the forestry sector in Mexico today. The new methods should contribute to enhance the forests' and communities' resilience, learning capacity, and adaptability, while helping to reduce hazards, risks, and vulnerabilities (see [89••, 90] ).
Currently, the forests in Mexico are more commonly managed at the small or medium size forest property level. This fragmentation of forest management planning has given rise to scale inefficiencies in forestry operations, and at the forest level is jeopardizing the biodiversity and long-term productivity of the forests. This is particularly true in the central part of the country dominated by small forest properties. This situation requires the creation of policy instruments and management practices that can be applied at different scales to promote or enforce some minimum landscape/forest-level conditions that ensure the conservation of biodiversity and the maintenance of the long-term productivity of the Mexican forest ecosystems.
Landscape fragmentation and small-scale factors influence competitiveness and make long-term timber management a risky business in a dynamic market environment with numerous sources of competitive timber products and substitutes. This situation is exacerbated in the case of complex multiaged and multispecies forests, which are dominant in Mexico. Hence, new timber management strategies should aim to set harvest times and volume levels according to market conditions, owner's needs, and forests conditions that allow the conservation of a residual forest growing stock sufficiently resilient to keep its integrity and future yield. This flexibility requires the replacement of the traditional forest regulation ideal and management methods by ad hoc pragmatic silvicultural treatments that can be applied over small areas without any forest-level regulation or ideal forest structure goal in mind except for concentrating on the resilience of the residual forest growing stock.
The social dimension, particularly in communally owned forests, affects traditional decision-making processes since it imposes additional complexities that are not well addressed by long-term deterministic management tools. The communal ownership of the majority of the forests in Mexico by indigenous and/or poor communities is a historical and current issue that must be fully recognized and incorporated into the development of future forest policies and management approaches. In this context, timber management decisions should not depend only on economical or ecological considerations. As forest owners become more knowledgeable about their forests, land use options, and become better organized through proper governance structures, they will become better able to define the best way to manage, not only their forest resources, but all their land resources in a broader context of overall sustainable development.
Recognition of risks and vulnerabilities, as well as the incorporation of risk management into the next generation of forest management methods are essential requirements. Today, the forest ecosystems in Mexico face higher risks of degradation or disappearance as a result of the conditions of the forests and forestry sector previously described, as well as conditions created by recent prolonged droughts (possibly as consequence of Climate Change), population growth, and pressures for land use change [91] . Explicit identification and management of risks and vulnerabilities should be essential elements to guide future timber management decisions. The empirical evidence for the effects of these risks and forest production potential is emerging from data generated by networks of long-term observation of forest ecosystems that complement the traditional national forest inventories [92] . These long-term forest observation studies (FOS) are been increasingly established in regions that have similar socioecological conditions (e.g., China and India) as part of their national BGreen Infrastructure.^FOS have become an essential complement to national resource inventories by providing scientific evidence about forest ecosystem changes in response to environmental change and human use [93••] .
Finally, new management methods should better match management scales (e.g., stand or property) with decisionmaking scales beyond the property level (e.g., watershed or landscape). Ideally, timber management objectives and interventions should be coordinated in a context of overall rural development at the level of landscape management units.
Conclusions
Currently, most of the semideciduous tropical forests in Mexico are managed under the group selection method enriched with reforestation of commercial species and limited forest level regulation constraints. Temperate forests are mostly managed under uneven-aged systems combining group selection with traditional selective approaches depending on site, diversity, and market conditions. Very few temperate forests are managed under intensive even-aged systems.
In all cases, current forest management systems have evolved from traditional silviculture and forest management principles to adjust to diverse socio-economic contexts and institutional frameworks. Although these methods have been modified and adapted through time, they are not still suited to properly address the current conditions of the forests and forestry sector in the country. There is an urgent need to develop novel forest management approaches, goals, and technologies that are relevant to the new realities of the forest areas in the ecological, socio-cultural, economic, legislative, and institutional dimensions.
The new generation of timber management approaches should combine and adapt traditional forest management concepts such as Bmultiple-use management,^Becosystem management,^and Blandscape management^to the specific conditions of each community and forest area using an adaptive and risk management approach. These approaches must emerge from the information provided by FOS and must be flexible enough to be able to address the risks, uncertainties, complexity, and ambiguity created by local and global environmental and socio-economic factors that influence the forests and the communities that depend on them for their survival and development.
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